Abstract-Recently, significant improvement in the strain tolerance of Bi-2223 conductor has been achieved by lamination with high strength nickel alloy. The conductor, supplied by Sumitomo Electric and designated Type HT-NX, is now commercially available in lengths sufficient for manufacture of high-homogeneity solenoids. A program to fully exploit the improved conductor properties is now underway at the National High Magnetic Field Laboratory (NHMFL). Five coils are being made, the last of which is to demonstrate an NMR measurement approaching 1 GHz and 1 ppm over 10-mm volume. In so doing, we expect to demonstrate critical current fraction, and strain similar to that expected in 30-T NMR magnets. The coils will be tested inside an existing 16 Tesla large-bore background magnet at the NHMFL. The design of the NMR demonstration coil is presented first, with expected values for field, homogeneity, and strain given. A technology development program is then outlined, which includes fabrication of four test coils to test various design features, develop fabrication tooling, and train personnel.
I. INTRODUCTION

I N 2005 the Committee on Opportunities in High Magnetic
Fields issued a challenge to develop a 30 T high-resolution NMR magnet [1] . In 2007 SuperPower completed development of a new class of HTS tape: REBCO on a Hastelloy substrate. This material seemed to be the first one suitable for a 30 T-class superconducting magnet. The National High Magnetic Field Laboratory (NHMFL) started working with this tape and, among various steps, initiated the development of a >30 T superconducting magnet for condensed matter physics. This 32 T system is now fully assembled and will be tested in coming weeks [2] . The NHMFL also started working with Bi-2212 round-wire as its multi-filamentary structure seemed better suited to NMR than the single-filament REBCO tape [3] . In 2013 a reinforced version of Bi-2223 became available from Sumitomo [4] . Results first reported by Yanigasawa [6] and Miyoshi [7] indicate Manuscript received September 6, 2016 ; accepted January 5, 2017. Date of publication January 16, 2017; date of current version March 9, 2017 . This work was supported in part by the National Science Foundation (award DMR-1157490) and the State of Florida and in part by the National Institute of General Medical Sciences of the National Institutes of Health under Award Number R21GM111302.
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Digital Object Identifier 10.1109/TASC.2017.2652378 that this conductor could be a viable alternative to REBCO and Bi-2212 for high field solenoids. The filamentary architecture of Bi-2223 is advantageous for the temporal stability required for NMR experiments, as the effects of screening currents are less than that of REBCO conductors. Bi-2223 is a react-and-wind conductor, unlike Bi-2212, which greatly simplifies coil manufacture.
The NHMFL started investigating the possibility of using reinforced Bi-2223 for NMR coils at >30 T. In 2016 the NHMFL and Solid Solutions Inc announced the development of a reinforced version of Bi-2212 [7] .
There are disadvantages to laminated Bi-2223, including its inability to be re-sized, the brittleness of the laminations, difficulties with splicing and piece length limitations.
Trade-offs exist between the three commercially available HTS conductors. The NHMFL is investigating all three conductors in parallel programs [8] , [9] with the goal of understanding the risks, benefits and utility of each. Outlined here is a program to develop technologies for >30 T NMR magnets made with Sumitomo Type HT-NX conductor.
II. NMR DEMO COIL DESIGN
A. Background Coils
The background field magnet, supplied by Oxford Instruments, produces up to 16 Tesla in a 110 mm cold bore. The measured field uniformity is 64 ppm in a 1 cm DSV. The magnet sees regular use for testing of Bi-2212 coils.
B. NMR Demo Coil
In Table I and Fig. 1 , the design of an insert coil made with Type HT-NX conductor is described. Following sections present limiting conditions on the coil, including critical current and strain.
1) Critical Current:
The maximum radial magnetic field on the windings occurs at the ends of the coil. The maximum axial field occurs along the midplane. The peak radial and axial fields in these locations are given in the lower graph of Fig. 2 . In the upper graph, the critical currents in these locations are given.
2) Strain: The maximum total strain is the sum of the contributions from winding and magnetically applied strain in the axial and hoop directions. This coil is layer-wound without epoxy, and the turns are self-supporting. The option to use epoxy was rejected because the hoop strain at the inner turns is increased 1051-8223 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. by the Lorentz loads from the rest of the coil. The strain at the midplane and at the ends is graphed in Fig. 3 . Winding strain at the coil midplane, shown in Fig. 3 is bending strain about the coil axis. Windings strain at the ends includes bending strain about the coil axis and added strain from reversing the conductor pitch in the layer transition region. In both cases, tensile strain from winding is negligibly small.
Thermally induced strains from cooldown can occur if the windings contract more than the boretube. For this design, this strain is negligibly small, as the boretube and windings have a similar thermal contraction coefficient, and cooling will be performed at a very slow rate.
Thermally induced strain from quenching, applied locally to the conductor at the site of the quench, may be significant, and is being investigated separately.
3) Load Lines: Load lines for critical current versus parallel and perpendicular field are shown in Fig. 4 . In addition, a relation for the strain limit is graphed. A strain limit of 0.8% is selected for this design, from results of the feasibility study discussed in the next section.
The equation of this line is:
where: ε limit is the 0.8% strain limit ε wind is the maximum bending strain from winding A is the area cross section of the conductor E is the elastic modulus of the conductor B is the peak parallel field, which occurs at the inner winding radius and at the coil midplane R is the inner winding radius.
III. TECHNOLOGY DEVELOPMENT
A. Feasibility Study Findings
In 2015 the NHMFL conducted a feasibility study of a prototype version of the conductor, designated Type HT-XX. [10] , [11] The prototype piece length provided was tested in pure tension, in several small wound samples and in three small layer-wound coils.
In a tensile test at 77 K, the maximum strain of the prototype was 0.57% at a tensile stress of 516 MPa, which was in good agreement with the data from the supplier. In the wound samples, the conductor was strained in bending and by magnetic hoop stress in background fields of 17 T and 31 T. Most of the wound samples only degraded when the strain approached 1%. Kitaguchi et al at NIMS reported similar results for the commercial Type HT-NX tape. [12] One small test coil failed prematurely, at ∼0.6% strain. The cause of the failure is not fully understood. The laminations are brittle and vulnerable to cracking. It is possible that a scratch on the surface of the lamination initiated a crack during the test.
B. Conductor and Insulation
The conductor is based on Sumitomo's Type H tape, with multiple Bi-2223 filaments contained in a silver matrix. A highstrength nickel alloy lamination is soldered to both sides while under tension, which places the finished laminate in a state of pre-compression. [4] The conductor is then insulated with a double-wrap of polyimide. The cross section dimensions, critical current at self-field in liquid nitrogen, critical strain and stress of the conductor are given in Table II .
C. Coil Construction
The insulated tape conductor is layer wound onto an insulated stainless steel bore tube. The terminal ends are soldered to copper lugs traced with soldered HTS tape to reduce heating.
Each layer is helically wound with transition regions at both ends, as shown in Fig. 5 . In the transition region the tape is bent in the "hard," or in-plane direction to reverse its pitch. The shape of this bend is configured to maximize its curvature and thereby minimize its contribution to the bending strain. [13] Filler pieces are cut and fitted between the turns, and a numerically controlled winding machine is used to position the conductor and form the transitions.
The coil end flanges are precompressed with stacked Belleville springs held in place with outer flanges and threaded collars at both ends of the boretube. The precompression applied is sufficient to prevent relative motion between the terminals and the windings as the magnet is cooled and then energized.
D. Splice Joints
The conductor is supplied in 300 m piece lengths, and at least 6 pieces are required for the NMR insert coil. The required splices are placed at the ends of the coil in the layer transition regions. The splices are made at the winding machine in a curved solder fixture, shown in Fig. 6 .
Two splice configurations, shown in Fig. 7 , are being considered.
Option I is a soldered lap joint, with the laminations left in place. This is the simplest method, but the lamination resistivity is high. Option II, first proposed by Yanigasawa [14] is a soldered lap joint with the inner laminations removed before soldering. This method greatly reduces the resistance of the splice by removing the laminations from the current path. If the lamination is removed from one side of an unsupported tape then the tape will curl toward the remaining lamination as the stress redistributes through the tape. A method for supporting the tapes during delamination is required. The finished splice joint experiences the same hoop load as the coil. The new splice composite will have a lower strain limit than the base conductor, and therefore requires testing in a background field high enough to replicate coil conditions.
A parallel effort to develop and test these splice options, both at 77 K and self-field and at 4 K in a background field is presently underway.
E. Outside Notched Windings
A reduced current density "notch" is introduced into the windings by increasing the spacing between turns. A notch placed symmetrically about the mid plane in the outermost layers can, in principle, improve spatial homogeneity of the magnet system to <1 ppm.
The proposed method is simple to make, since the notch region is part of the main coil, and is not powered or supported separately. A filler piece, of the same stiffness as the conductor is placed between each turn to react magnetic loads.
F. Quench
Detection and protection of quenches in HTS coils is an active research topic that is being pursued independently of and in parallel with this effort. For these test coils, an external dump resistor and voltage threshold detection and switching circuit will be used. 
IV. TEST COILS
Two test coil configurations are planned, designated "ShortThick" and "Tall-Thin" in Table III and Fig. 8 . Two versions of each are envisioned. The "Short-Thick" coils operate at the same peak strain expected in the NMR Demo coil. The "TallThin" coils demonstrate similar axial loading conditions as the NMR Demo coil.
Both test coil designs use <300 m of conductor, and therefore may be made from a single conductor piece
The second "Short-Thick" coil will include splice joints in the layer transition region of the winding pack. The second "Tall-Thin" coil will be the first demonstration of the outside notch.
Construction and testing of these coils is envisioned for the first quarter of 2017. Findings will inform revisions to the design, construction and testing of the NMR demo coil to be completed mid-2017.
